Macrophages are essential for protection against influenza A virus infection, but are also implicated in the morbidity and mortality associated with severe influenza disease, particularly during infection with highly pathogenic avian influenza (HPAI) H5N1 virus. While influenza virus infection of macrophages was once thought to be abortive, it is now clear that certain virus strains can replicate productively in macrophages. This may have important consequences for the antiviral functions of macrophages, the course of disease and the outcome of infection for the host. In this article, we review findings related to influenza virus replication in macrophages and the impact of productive replication on macrophage antiviral functions. A clear understanding of the interactions between influenza viruses and macrophages may lead to new antiviral therapies to relieve the burden of severe disease associated with influenza viruses.
INTRODUCTION
Influenza A viruses (IAVs) have a worldwide distribution and cause annual epidemics of acute respiratory illness. Additionally, over the past 100 years global influenza pandemics have occurred approximately every 10-30 years and are associated with higher mortality rates than seasonal influenza. The threat of future pandemics, an incomplete understanding of the mechanisms of enhanced disease severity in certain patient populations and with particular virus strains, and the use of a sub-optimal, though effective, vaccine, combine to highlight the need to better understand influenza virus pathogenesis in humans.
Influenza viruses have a segmented RNA genome coding for at least 10 viral proteins. Two of these proteins, the haemagglutinin (HA) and neuraminidase (NA), are responsible for virus entry and release, respectively, and determine the virus subtype. Sixteen HA and nine NA subtypes have been discovered in wild waterfowl, which are the natural host reservoir for all known IAVs. While only H1N1 and H3N2 IAV are currently established in humans, novel strains emerge periodically, often from wild or domestic birds, to cause human disease [1] [2] [3] . While these outbreaks are not always widespread, they often come with a higher mortality rate than seasonal influenza virus. For example, highly pathogenic avian influenza (HPAI) H5N1 first emerged to infect humans in 1997 in Hong Kong and has caused nearly 900 confirmed cases as of March 2017, with a reported mortality rate of~50 %. The mechanism of exacerbated disease severity following H5N1 infection is not entirely understood.
Epithelial cells lining the respiratory mucosa are the major cell type supporting IAV replication in humans. Given their location, other cell types, such as macrophages, may be among the first cells to respond to IAV infection. Virus antigen can be detected in macrophages in vivo [4] [5] [6] , suggesting that these cells may become directly infected by IAV. Macrophages exist in the lung and various fluid compartments as a heterogeneous population of cells that act as sentinels to detect and respond to infection. As professional phagocytic cells, macrophages clear infectious particles by internalization and lysosomal degradation, remove cellular debris through the uptake of apoptotic cells, and aid in the adaptive immune response via antigen presentation to T cells. Macrophages produce a wide range of cytokines that balance immune-mediated tissue damage with repair and homeostatic maintenance. The manner in which macrophages respond to IAV infection is complex, with >1000 cellular genes being up-or down-regulated following infection [7] . Thus, the response of these cells to IAV infection is likely to be of critical importance to disease outcome. The importance of macrophages for protection against IAV infection is well established, as ablation of macrophages enhances IAV-associated immunopathology and mortality [8] [9] [10] [11] [12] . The importance of macrophages during IAV infection goes beyond protection from virus-induced pneumonia. Experimental IAV infection in mice causes a transient depletion of alveolar macrophages, resulting in enhanced susceptibility to secondary bacterial infection and pneumonia [13] . On the other hand, macrophages have been implicated in the pathogenesis of severe IAV disease. Excessive pulmonary infiltration of macrophages secreting enhanced levels of pro-inflammatory cytokines is a hallmark of IAVinduced severe pneumonia [14] [15] [16] [17] . Recently, efforts to understand the role of macrophages in IAV pathogenesis have focused on whether influenza viruses have the ability to replicate productively in macrophages. It is now recognized that IAV replication in macrophages is both strainand macrophage type-dependent, with the most compelling and consistent evidence for productive replication coming from studies performed with HPAI H5N1 viruses. In this review, we discuss the current literature related to IAV replication in macrophages and the impact of virus replication on macrophage antiviral functions. To maintain consistency with the literature summarized herein, we make a distinction between productive replication (defined as the successful replication and release of new infectious virions) and abortive replication (defined as an infection event that fails to result in the production and release of infectious virus particles). We feel that this is a useful distinction due to the impact that productive replication may have on disease progression. Despite presumably being an infrequent occurrence, extrapulmonary detection of H5N1 IAV in infected humans has been reported in the literature [18, 19] . Productive virus replication in macrophages may be the mechanism by which systemic infection occurs in these rare cases, as has already been demonstrated for other viruses [20] . Thus, an understanding of the mechanisms and impact of H5N1 IAV replication, per se, in macrophages may be important for the development of clinical interventions to prevent these rare but serious cases of disease. Regardless, the distinction that we make between productive and abortive infection does not indicate that non-productive replication comes without potentially important changes to macrophage function and infection outcome. Indeed, as we point out below, certain measures of macrophage dysregulation during IAV infection require virus entry and protein/ nucleic acid accumulation independent of the release of new infectious virions, suggesting that productive replication may not always be required for changes in macrophage function to occur that will negatively impact on the host's ability to clear virus infection.
Along the way, we will point to areas of investigation that future studies should focus on to better understand the interaction between IAV and macrophages. A clear understanding of the involvement of macrophages in both protection and pathogenesis of IAV infection may lead to targeted therapies that have the potential to reduce the burden of disease associated with these viruses.
MACROPHAGE POPULATIONS AND EXPERIMENTAL MODELS
Macrophages exist in vivo as a heterogeneous population of cells that are tissue-resident and/or derived from bone marrow and blood monocytes. Alveolar macrophages (AMs) are tissue-resident cells found in the lumen of the airways and are involved in homeostatic regulation of airway function and early responses to pulmonary infection. Peripheral blood mononuclear cells (PBMC) from mice or humans can be cultured to generate monocyte-derived macrophages (MDMs) and are typically used experimentally to represent tissue macrophages and/or macrophages that are recruited to a site of infection or inflammation. AMs and MDMs share certain features, but also have important phenotypic and functional distinctions that should be kept in mind when interpreting data related to macrophage functions and responses to infectious threats. RAW264.7 cells are a transformed monocyte/macrophage cell line derived from ascites of a mouse tumour and offer a convenient and abundant source of cells that are commonly used to study the macrophage response to virus infection [21] [22] [23] .
Given the heterogeneity of macrophage populations in vivo, a similarly diverse response to IAV infection is expected. Further, the various in vitro macrophage models have been seen to respond differently to IAV infection. For this review, rather than separating the discussion by specific populations of cells (i.e. IAV interactions with AMs versus MDMs), we will discuss related responses and experiments together, being careful to point out which specific macrophage population was used to obtain the data.
REPLICATION OF IAV IN MACROPHAGES
Historically, IAV infection of macrophages was considered to be abortive, with neither peritoneal cavity (PEC) macrophages nor AMs from mice supporting productive replication of seasonal IAV [24, 25] . Likewise, human AMs were shown to be abortively infected with seasonal IAV [26] . In this case, virus nucleoprotein (NP) accumulated in 20 % of infected cells, but virus release was undetected [26] . Other studies support the findings of early experiments [11, [27] [28] [29] . However, certain seasonal H1N1 and H3N2 strains are capable of limited productive replication in mouse bone marrow-derived macrophages (BMDMs) or human MDMs, respectively [30] [31] [32] [33] . Thus, the situation is more complex than originally thought and it is now evident that productive virus replication can occur in macrophages in a virus strain-and macrophage subtype-dependent manner. IAV replication in human macrophages is reviewed well in [34] , but a brief discussion is included here and is summarized in Table 1 .
Early studies on IAV replication in macrophages were performed prior to the emergence of HPAI H5N1 viruses in humans and the implication of macrophages in disease severity. productive virus replication [32, 33, [35] [36] [37] . Moreover, a direct comparison of human MDMs and AMs suggested that, while AMs did not support productive replication of IAV, an HPAI H5N1 virus was more efficient at infecting AMs than seasonal viruses were [37] . In contrast to these studies, Friesenhagen et al. showed that infection of human MDMs with either a HPAI H5 or H7 virus is abortive [38] . The use of different H5N1 strains or different cell culture methods may explain these discordant results. A comparison of the replicative capacity of seasonal low-pathogenicity H1N1, reverse genetics-derived 1918 H1N1, and HPAI H5N1 IAV demonstrated that each of the viruses was capable of productive replication in human MDMs [17] . Interestingly, however, the release of new infectious virions into the cell culture supernatant was delayed for the two H1N1 strains relative to the H5N1 viruses. This suggests that, similar to studies performed in epithelial cell culture, H5N1 IAV may possess the ability to replicate with faster kinetics compared to non-H5 strains in macrophages. The same study shows that mouse lung macrophages support productive replication of an H5N1 virus, but not of either of the two H1N1 viruses [17] . Varying results between studies may be explained by the use of different virus strains. In some cases, particularly for those instances where primary cells are used, differences may also be explained by host genetic factors. Regardless of these differences, most of the published data converge on the notion that human MDMs, but not AMs, support productive replication of certain IAV subtypes.
Most studies on IAV replication in macrophages have been performed with HPAI H5N1 or seasonal H1N1 and H3N2 viruses. Using a RAW264.7 murine macrophage cell line model, Cline et al. carried out the first systematic comparison of the replicative capacity of all 16 HA subtypes in macrophages. The results demonstrated that HPAI H5N1 IAV is unique in its ability to replicate productively in macrophages. In contrast to what has been shown for human AMs, primary mouse AMs were also shown to support productive replication of HPAI H5N1, but not an H1N1 virus [39] . A comparison of the replication of 23 different IAV strains of different HA subtypes in RAW264.7 cells also showed that HPAI H5N1 viruses and the H1N1 WSN strain were the only viruses that could productively replicate. In summary, the data on IAV replication collected in RAW264.7 cells appear to be consistent with most studies that have been performed in human MDMs and mouse lung macrophages in demonstrating that H5N1 IAVs have a unique ability to overcome blocks to virus replication in these cells.
MECHANISM OF IAV RESTRICTION IN MACROPHAGES
Understanding how macrophages restrict IAV replication may be important for the development of targeted therapies to mitigate severe disease caused by avian influenza viruses. Additionally, there may be applications to other pathogens that infect and replicate in macrophages to cause disease. The mechanism by which macrophages restrict IAV replication has recently begun to be elucidated. Blocks at several stages of the virus replication cycle have been described. These are described below and are summarized in Fig. 1 .
Virus preference for a2,6-linked or a2,3-linked sialic acid receptors does not predict whether productive replication will occur, as viruses with specificity for either sialic acid linkage can replicate productively in RAW264.7 cells, which express both receptors [32, 40] . In contrast, mouse PEC macrophages and bronchoalveolar lavage (BAL) macrophages that predominantly express a2,6-linked sialic acid receptors show poor susceptibility to infection with a PR8 IAV strain that binds preferentially to a2,3-linked sialic acids [11, 28, 41] . Variability in the receptor-binding preference of PR8 viruses of different origins has been reported, with the PR8 Warwick strain binding equally well to a2,3-linked and a2,6-linked receptors [42] . Thus, the inability of a PR8 to infect PEC and BAL macrophages may reflect variations in different PR8 viruses rather than a general restriction of a2,3 sialic acid-binding IAVs. PR8 also failed to productively replicate in RAW264.7 cells. The restriction of PR8 in RAW264.7 cells has been linked to inefficient attachment and entry [27] and to a block downstream of virus internalization but upstream of nuclear entry [32, 39] . The differences in the results presented by these investigators may be attributed to differences in the preparation or source of the exact PR8 virus used in the studies. [32] . In contrast to mouse macrophages, the pre-nuclear entry block does not occur in human MDMs. The CA/09 virus was not restricted from nuclear entry in human MDMs, and nor was the production of viral RNA, mRNA or proteins inhibited. Despite this, infectious virus particles were not detected in the culture supernatant due to an observed defect in virus protein trafficking [32] . These data suggest that the utility of RAW264.7 cells as a model for studying blocks to IAV replication in human macrophages depends on the virus strain being used. Relevance to human infection is more likely if the experiments are performed with viruses that successfully enter the nucleus and express viral proteins without productive release of infectious virions.
Two blocks to productive replication of IAV in macrophages were also reported in a separate study using two virus strains that only differ in the HA gene. The infectivity of reverse genetics-derived PR8 was poor in RAW264.7 cells at 2 h post-infection, while a reassortant PR8 virus expressing the HA gene from influenza A/Brazil/11/78 H1N1 (RGBraz-HA) was able to efficiently infect RAW264.7 cells [27] . The differences in infection efficiency were unrelated to sialic acid binding, as both viruses were found to bind equally well to cell surface receptors. The infectivity of PR8 was enhanced in the presence of the neuraminidase inhibitor zanamivir [27] . This suggests a role for the viral NA protein in entry into macrophages. Consistent with this notion, Marvin et al. found that a recombinant WSN virus expressing the HA protein of CA/09 retains the productive replication phenotype of WSN in macrophages, but co-expressing the CA/09 HA and NA genes on the WSN genetic background abrogates replication. The particular mechanism by which the NA protein contributes to virus entry has not been described. While RAW264.7 cells support a modest amount of productive replication of RG-Braz-HA over the first 24 h post-infection, the PR8 virus, despite enhanced entry efficiency in the presence of zanamivir, does not productively replicate, confirming the presence of a replication block downstream of nuclear entry. In contrast to RAW264.7 cells, mouse PEC macrophages did not support productive replication of either virus strain, with the block being downstream of RNA and protein synthesis and upstream of virus budding [27] . This result appears to be consistent with that of Marvin et al. and suggests that mouse PEC macrophages may also serve as a good model for the restriction of IAV replication in human macrophages.
The PR8 and Brazil/78 HA proteins differ in their glycosylation status, with the globular head of the PR8 HA being poorly glycosylated, while the Brazil/78 virus contains four glycosylation sites in the HA head [27] . Glycosylation of the HA protein may impact on the ability of the virus to interact efficiently with C-type lectins, such as the mannose receptor and the galactose-type lectin, which, in addition to sialic acid receptors, act as attachment and entry receptors for IAVs [41, [43] [44] [45] . In support of this hypothesis, IAV infection of macrophages with RG-Braz-HA in the presence of mannan or asialofetuin, which have been shown to block Ctype lectin interactions, is reduced to levels similar to that of PR8 [27] . Since 2009, descendant variants of the 2009 pandemic H1N1 (pH1N1) virus have been isolated that have acquired multiple additional glycosylation sites [46, 47] .
Given that the initial isolates of pH1N1 (i.e. CA/09) do not replicate in macrophages, it will be interesting to determine whether the addition of glycosylation sites on this virus enhances virus infectivity and replication in macrophages.
Upon the internalization of IAVs, the endosomal pH gradually decreases until a threshold is reached at which point the viral HA protein undergoes a conformational change facilitating fusion of the viral and endosomal membranes. This threshold, called the pH of HA activation, is virus strainspecific and has been described as a virulence determinant for IAVs in ducks and mice [48] [49] [50] . The ability of IAVs to productively replicate in RAW264.7 cells correlated positively with the expression of an acid-labile HA protein (pH of activation, 5.9), while the HA of viruses causing abortive infection was acid-stable (pH of activation, 5.4). Perhaps the CA/09 HA is not exposed to a pH in the endosome of RAW264.7 cells that is sufficiently acidic to trigger HAmediated fusion, leading to virus retention in the endosome until fusion with the lysosome exposes the virus to its degradative enzymes. In support of this hypothesis, while there was no difference between the CA/09 (abortive in macrophages) and WSN (productive replication in macrophages) viruses in the extent or duration of virus co-localization with lysosomal markers in permissive epithelial cells, colocalization of CA/09 with the lysosome in macrophages steadily increased over the first 4 h post-infection [32] . Interestingly, differences in the pH of activation between virus strains do not affect replication in epithelial cells because endosomal acidification occurs more rapidly in these cells relative to macrophages [32] . It is intriguing to speculate that the slower pace of endosomal acidification in macrophages may have evolved, in part, to restrict infection by pathogens that enter through pH-dependent pathways. Conversely, the poorly acid-stable nature of HPAI H5N1 viruses may have evolved as a means of subverting this block to productive replication. The kinetics of endosomal acidification in macrophages of other mouse or human sources has not been described. It will be interesting to determine if the phenomenon described by Marvin et al. is only a feature of RAW264.7 cells, or if it applies to more physiologically relevant macrophages as well.
A single amino acid substitution (K58I) in the HA of influenza A/Vietnam/1203 (VN/1203) H5N1 virus lowers the pH of HA activation to resemble that of CA/09. Nuclear accumulation of NP in RAW264.7 cells infected with a mutant VN/1203 containing this HA substitution (VN-HA2-K58I) was reduced relative to that of WT VN/1203. However, the reduction was modest, with~60 % of VN-HA2-K58I-infected cells still staining NP-positive, while only 8 % of CA/09-infected RAW264.7 cells contain NPpositive nuclei at the same time point [32] . Further, the release of infectious virus into the cell culture supernatant was equivalent to that of cells infected with wild-type VN/ 1203, suggesting that HA acid stability alone is not sufficient to explain the ability of H5N1 IAV to replicate productively in macrophages. It is also important to note that the pH of HA activation has not been determined for all of the viruses that were shown by Marvin et al. to be restricted at the prenuclear entry stage. Thus, the existence of a pre-nuclear entry block that is independent of both the pH of HA activation and HA glycosylation status cannot be ruled out.
IMPACT OF PRODUCTIVE REPLICATION IN MACROPHAGES ON IAV PATHOGENESIS
Macrophages are required for protection against IAV infection, but also contribute to severe disease associated with HPAI H5N1 infection. When the replicative capacity of a panel of eight H5N1 viruses was tested in RAW264.7 cells, only those associated with high virulence in mammals were capable of productive replication, demonstrating a correlation between replication in macrophages and disease severity [39] . Further, a reassortant CA/09 virus expressing the HA protein from a HPAI H5 virus was capable of productive replication in macrophages and was associated with higher morbidity and mortality in mice relative to the WT CA/09 virus, which does not replicate in macrophages [51] . The increased disease severity was not linked directly to the ability of the virus to replicate in macrophages in this study, but it is intriguing to speculate that productive replication of H5N1 viruses in macrophages may alter antiviral macrophage functions in ways that lead to enhanced disease severity. This is discussed below and is summarized in Fig. 2 .
IAV replication and hypercytokinemia
Inflammatory cytokines produced by macrophages during IAV infection are important for virus clearance [8, 14, 17] . However, an exaggerated inflammatory response is believed to contribute to H5N1-associated morbidity and mortality [52] [53] [54] [55] . For example, the resistance of pigs to severe H5N1-mediated disease correlated with the lack of a strong pro-inflammatory response following infection [56] [57] [58] . Combined with evidence that macrophages support productive replication of some IAV strains, excessive cytokine production following H5N1 infection may be a result of productive virus replication in macrophages. Of particular interest because of its role in immunopathology, the cytokine TNF-a is induced to high levels in human MDMs infected with HPAI H5N1 viruses or with a seasonal H3N2 virus [16, 52, 59] . While these studies did not directly correlate TNF-a production with virus replication, in another report, HPAI H5N1 and seasonal H3N2 IAV were shown to replicate in human MDMs [37] . Further evidence that productive replication of IAV in macrophages results in excessive cytokine expression is provided by experiments demonstrating that an HPAI H5N1, but not a seasonal H1N1 virus, induces enhanced expression of several proinflammatory cytokines [33, 59] . Elevated levels of TNF-a or TGF-b did not correlate with replication in MDMs, as the H3N2 virus induced significantly less of each cytokine compared to the HPAI H5N1 virus [37] . Additionally, an H1N1 virus did not productively replicate in human MDM despite inducing high expression of TGF-b [37] . The H5N1 viruses HK/483 and HK/486 both induce high levels of TNF-a in human MDMs relative to seasonal viruses, despite the fact that HK/486 does not replicate in human MDMs [32, 52] . Moreover, the induction of TNF-a in WSN-infected human MDMs is not elevated when compared to infection with seasonal H1N1 or H3N2 viruses [60] . Taken together, these findings indicate that excessive cytokine production does not always correlate with productive virus replication in macrophages.
None of these studies directly address the hypothesis that elevated cytokine production in IAV-infected macrophages requires productive virus replication. The induction of proinflammatory cytokines in response to HPAI H5 infection of human MDMs was inhibited by b-propiolactone-inactivation of the virus [36] . Although this result suggests that replication is required for the induction of proinflammatory cytokines following H5N1 IAV infection of macrophages, b-propiolactone was shown to cause a 16-fold reduction in viral HA activity [61] . Thus, decreased cytokine expression may have resulted from decreased virus attachment/entry rather than from decreased productive replication per se. When the virus was inactivated by UV irradiation, PR8-induced cytokine expression in human AMs was shown to be replication-dependent [29] . Consistent with other studies on PR8 [11, 27, 28, 32] , this study reported very little, if any, productive release of PR8 into macrophage culture supernatants, even in the absence of UV inactivation. However, virus antigen in cells infected with live virus increased over the first 48 h post-infection, a response that was abrogated by UV inactivation of the virus. These results suggest that virus entry and synthesis of viral RNA/proteins is sufficient, in some cases, for the induction of pro-inflammatory cytokines in macrophages by seasonal IAV, independent of the productive assembly and release of new virus particles. To avoid the difficulties in interpretation that arise from the use of different virus strains, macrophage types and virus inactivation techniques, future studies should focus on UV inactivation of virus strains and the infection of a macrophage model for which productive replication has previously been demonstrated. A direct comparison of pro-inflammatory cytokine expression following the infection of live, or UV-inactivated, H5 and seasonal IAV strains in different sources of both human and mouse macrophages is required to adequately address the role of H5N1 virus replication in macrophage cytokine overexpression. Even so, the results from such an experiment may not be entirely conclusive, as it is likely that some variation will exist in human macrophages from different donors.
IAV replication and macrophage phagocytosis
As professional phagocytes, macrophages assist in clearing infectious organisms through the internalization and degradation of pathogens and by phagocytosis of apoptotic cells. Phagocytosis can be mediated directly through macrophage surface receptors binding to structural moieties on the phagocytic target, or indirectly through binding of macrophage Fcg receptors (i.e. CD16, CD32) to opsonized infectious organisms. Phagocytosis plays an important role in protection against IAV infection. The phagocytic capacity of mouse PEC macrophages is enhanced when they are cultured with IAVinfected epithelial cells [62] . Similarly, BAL macrophages from IAV-challenged mice contain engulfed apoptotic cells and AMs from IAV-infected mice show greater phagocytic capacity towards apoptotic thymocytes than AMs from uninfected mice [63, 64] . Together, these data suggest that macrophages play a role in clearing dead infected epithelial cells during IAV infection. Phagocytosis of apoptotic epithelial cells is a protective host response, as increased phagocytic capacity correlates with lower IAV lung titres in mice and inhibition of phagocytosis during IAV infection in vivo enhances virus lethality [63, 64] .
Direct infection of macrophages by IAV could contribute to disease outcome by altering the phagocytic capacity of macrophages. The infection of human MDMs with a seasonal H3N2 virus strain enhanced the macrophage phagocytic capacity for apoptotic epithelial cells in a replication- dependent manner [31] . Phagocytosis of apoptotic cells is mediated by the recognition of phosphatidylserine on the surface of apoptotic cells by macrophage cell surface receptors [63, [65] [66] [67] . Thus, one mechanism for the enhancement of phagocytosis by IAV is upregulated expression of phosphatidylserine receptors on infected macrophages. Future studies should investigate this, as well as the question of whether HPAI H5N1 IAV similarly enhances macrophage phagocytosis of apoptotic cells.
While the expression of phosphatidylserine receptors on macrophages infected with IAV has not been investigated, changes in the expression of other phagocytosis receptors have been studied. In contrast to infection of human MDMs with an H3N2 IAV, PR8 infection of human AMs decreased phagocytic uptake of the fungal cell wall component zymosan. This was accompanied by a corresponding decrease in the transcription of CLEC7A, a receptor for fungal cell wall glucans [29] . PR8 infection is abortive in RAW264.7, PEC macrophages and BAL macrophages [11, 28, 32] , and was, at best, shown to be only moderately productive in human AMs by Wang et al. Thus, it is unlikely that the decreased phagocytic capacity and CLEC7A expression following IAV infection are due to productive virus replication. A direct comparison of the effects on macrophage phagocytosis of live and UV-inactivated PR8 infection is necessary to conclude what role virus replication plays in decreasing phagocytic capacity.
Consistent with the work of Wang et al., RAW264.7 cells and human MDMs showed decreased phagocytic capacity towards IgG-opsonized, fluorescently tagged Staphylococcus aureus. Interestingly, this effect was only seen when the macrophages were infected with virus strains that productively replicate in these cells [32] . Decreased phagocytic uptake of opsonized bacteria correlated with a decrease in cell surface expression of CD16 and CD32. While these data suggest that IAV inhibits macrophage phagocytic capacity in a replication-dependent manner, macrophage phagocytic capacity following infection with UV-inactivated virus was not reported. Considering that the CA/09 virus used by Marvin et al. in this study is not restricted from accumulating viral protein in human MDMs, it is possible that, in this case, productive replication is required for the inhibition of phagocytosis. Alternatively, a specific interaction between a viral protein and host phagocytosis machinery that is unique to WSN and H5N1 IAV may mediate the inhibitory activity in a replication-dependent manner.
Further details on the mechanism by which IAV decreases macrophage phagocytic capacity need to be elucidated. Fc receptor-mediated phagocytosis and phagocytic uptake of apoptotic cells is dependent on the activation of phosphoinositide 3-kinase (PI3K) [68] . A PI3K inhibitor decreased expression of CD16 on microglial cells (central nervous system-resident macrophages), suggesting a link between PI3K signalling and Fc receptor expression [69] . Although seasonal H1N1 and H3N2 IAV activate the PI3K signalling pathway in mouse AMs, an H5N1 IAV fails to do the same in infected epithelial cells [70, 71] . While the status of PI3K signalling in H5-infected macrophages has not been investigated, perhaps a failure to activate the PI3K pathway in macrophages is one explanation for the observed decrease in CD16/32 expression that leads to the decreased phagocytic capacity of H5-infected macrophages.
Apart from inhibiting the uptake and clearance of apoptotic epithelial cells in the lung, how might the direct inhibition of macrophage phagocytosis impact on IAV pathogenesis? IAV infection is often made more severe by secondary bacterial infection of the upper respiratory tract [72] . While AM should serve as a protection against bacterial co-infection, bacterial clearance is impaired in a model of IAV/S. pneumoniae co-infection, and the phagocytic capacity of AM from IAV-infected mice is decreased relative to macrophages from uninfected mice [13, 73] . The macrophage scavenger receptor-1 (MSR1) and CD36 have been implicated for their role in protection against bacterial pneumonia [74, 75] . IAV infection of human AMs led to a decrease in MSR1 and CD36 mRNA, suggesting a mechanism for bacterial colonization of IAV-infected hosts [29] . However, despite decreased MSR1 and CD36 transcription, phagocytosis of bacteria by human AMs from IAV-infected mice was not impaired. This result is likely due to the fact that IAV infection decreased MSR1 and CD36 mRNA levels, but not surface expression of MSR1 and CD36 protein [29] . In contrast, decreased surface expression of CD16 and CD32 has been reported for macrophages infected with viruses that replicate productively in macrophages [32] . It is tempting to hypothesize that decreased CD16/CD32 expression on macrophages contributes to IAV pathogenesis by enhancing secondary bacterial infection. Future studies are required to determine whether CD16/CD32 expression is lowered on macrophages during IAV infection in vivo, whether this requires productive virus replication in macrophages, and whether it impacts on the ability of the host to control bacterial colonization. Moreover, the expression of other macrophage phagocytosis receptors (e.g. the LPS receptor) should be investigated to determine whether IAV infection induces a global inhibition of phagocytosis, or whether specific pathways are inhibited.
Macrophage differentiation state and susceptibility to IAV infection Macrophages do not exist as a homogeneous population of cells in vivo. Rather, they exist on a spectrum of differentiation states with accompanying variations in function. While it is unlikely to reflect the full diversity of macrophage heterogeneity that exists in vivo, traditionally, macrophages have been characterized as either classically activated (M1) or alternatively activated (M2) macrophages. This classification is defined by the specific cytokines that drive macrophage activation and by the gene expression profile of the activated macrophage. M1 macrophages develop in response to stimulation with IFN-g and/ or lipopolysaccharide (LPS) and are considered to be proinflammatory, producing TNF-a and IL-1b, and the surface markers CD80 and CD86. In contrast, differentiation to the M2 phenotype occurs in the presence of IL-4 or IL-10. M2 macrophages are generally considered to be involved in tissue repair and wound healing processes and produce the cytokines IL-10 and TGF-b. Markers of M2 differentiation include arginase-1 and the surface marker CD163 [76] [77] [78] [79] [80] .
The differentiation status of macrophages affects their susceptibility and response to IAV infection. Human MDMs differentiated to an M2 phenotype by culturing in the presence of IL-4 are more susceptible to infection with the CA/ 09 and HPAI H5N1 viruses relative to M1 macrophages. However, M1 versus M2 polarization had no effect on the release of infectious virions into the cell culture supernatant in this model [81] . Changes in sialic acid receptor expression could not explain differences in susceptibility to IAV infection, as both a2,3-linked and a2,6-linked receptors were present on the surface of macrophages following both IL-4 and IFN-g treatment. Expression of the macrophage mannose receptor is upregulated in M2-polarized macrophages [78, 82] . Having been shown to be involved in IAV infection of macrophages [45] , upregulation of the mannose receptor might explain the increased susceptibility of M2 macrophages to IAV infection, although this has not been tested directly.
Mouse BMDMs cultured in the presence of IL-4 were also more susceptible to the WSN IAV strain than cells polarized to an M1 phenotype by IFN-g. However, despite being more susceptible to IAV infection and supporting greater production of viral RNA, M2 macrophages did not support productive IAV replication to a greater extent than M1 macrophages [83] .
M2 macrophages were more susceptible to apoptotic cell death than classically activated M1 macrophages following IAV infection [83] . While IAV-infected M1 macrophages expressed the highest levels of pro-inflammatory cytokines such as TNF-a, IAV infection of M2 macrophages was able to override the anti-inflammatory cytokine profile of these cells and cause them to secret TNF-a and other M1-like cytokines. Importantly, this programming override to a more pro-inflammatory phenotype was only seen during the infection of macrophages with WSN and HPAI H5N1, strains that have been shown to replicate productively in macrophages [32, 39] . However, a requirement for productive replication for the M2 to M1 phenotype switch has not been investigated directly. The model that appears to be forming, then, is that IAV can infect both M1 and M2 macrophages. M1 macrophages are protected from IAVinduced apoptosis relative to M2 macrophages, but, prior to cell death, M2 macrophages experience a shift to an M1-like cytokine expression profile in what may be a virus replication-dependent manner. Together, this may contribute to the hypercytokinemia and enhanced inflammatory response following severe H5N1 infection.
CONCLUDING REMARKS
Influenza viruses continue to burden even the most highly developed healthcare systems, and the continued incidence of human infection with novel influenza viruses highlights the deficiencies in our understanding of severe influenza disease and our ability to control zoonotic infections of humans. Of particular interest is the continued global spread of HPAI H5N1 viruses and their derivatives in wild waterfowl and domestic poultry, with the threat of spillover into human populations [84] [85] [86] [87] . A multi-faceted approach to influenza pandemic preparedness is necessary and one aspect of this is to develop improved therapeutic treatments. This requires a better understanding of the mechanisms of virus pathogenesis. In addition to respiratory epithelium, IAV can also infect macrophages [4, 88, 89] . A consensus on the fate of IAV infection of macrophages and its impact on virus pathogenesis has not been reached. This is due, in part, to the use of varied virus strains and macrophage types, which have given rise to contrasting results. Compounding the problem, variations in the cell culture and infection protocols employed by different laboratories are likely to result in different conclusions. Further, a better understanding of the complex interactions between lung-resident and infiltrating macrophages with the inflammatory milieu present in the lungs before and during virus infection is necessary to piece together an accurate picture of what role macrophages play during IAV infection. As these processes are highly dynamic, an organized and systematic approach to these questions must be undertaken in order to fully understand the impact of IAV infection of macrophages on virus pathogenesis. Regardless, it is evident that some IAV strains have the capacity to replicate productively in macrophages and impact on their antiviral functions. A determination of whether productive virus replication in macrophages occurs in vivo, and which specific macrophage subsets support replication in vivo, will be important for developing a complete picture of how the infection of macrophages impacts on disease outcome.
Most studies have focused on IAV infection and replication in murine and human macrophages, with few studies investigating the potential for IAV to replicate in avian macrophages, or macrophages from other mammalian hosts [90] [91] [92] . Lymphoid necrosis associated with virulent H5N9 IAV infection of chickens correlated with the ability of the virus to infect macrophages [93] . The infection of macrophages with several viruses contributes to increased virus dissemination [20] . Because HPAI H5N1 viruses replicate in multiple tissues of an infected chicken, it will be interesting to determine whether infected macrophages act to disseminate the virus to various tissues. Given the zoonotic potential of influenza viruses and the economic burden of IAV infection in commercially important animals, it will be important to determine the extent to which IAV replication occurs in these macrophages, and whether this contributes to disease severity.
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